ABSTRACT Since 1988, cucurbit crops, particularly watermelon, cantaloupe, and squash, grown in Oklahoma and Texas have experienced devastating losses from cucurbit yellow vine disease (CYVD), caused by the phloem-limited bacterium Serratia marcescens Bizio. Squash bug, Anasa tristis (De Geer), is a putative vector of the pathogen. In 2000 Ð2001, overwintering populations of squash bug collected from DeLeon, TX, were tested for their ability to harbor and transmit the bacterium. Individual squash bugs (n ϭ 73) were caged serially for periods of up to 7 d on at least four squash seedlings. Two studies were conducted, one with insects collected in November 2000 placed on Þrst true leaf-stage seedlings and the second with insects from an April 2001 collection, placed on 3Ð5 true leaf-stage squash. Controls consisted of squash seedlings caged without insects. Squash bug transmission rates of the pathogen in studies I and II were 20 and 7.5%, respectively. Overall, 11.0% of the squash bugs harbored and successfully transmitted the bacterium to squash seedlings. All control plants tested negative for S. marcescens and did not exhibit CYVD. Female squash bugs killed a signiÞcantly greater proportion of young Þrst leaf-stage seedlings than males. Feeding on 3Ð5 leafstage squash resulted in no plant mortality regardless of squash bug gender. This study demonstrated that the squash bug harbors S. marcescens in its overwintering state. The squash bugÐS. marcescens overwintering relationship reported herein greatly elevates the pest status of squash bug and places more importance on development of integrated strategies for reducing potential overwintering and emerging squash bug populations.
CUCURBITS, PRIMARILY WATERMELON, (Citrullus lanatas (Thunb.) Matsum. & Nakai), cantaloupe, Cucumis melo variety cantaloupensis Naud., squash, and pumpkin, Cucurbita pepo L., are important horticultural crops in the south central region of the United States that are affected by a variety of insect and disease complexes. Cucurbit yellow vine disease (CYVD) is a newly described disease that affects cucurbits in Texas, Oklahoma , Tennessee (Bost et al. 1999) , and Massachusetts (Wick et al. 2001) . The disease has also been conÞrmed in Arkansas, Colorado, Kansas, and Nebraska (B.D.B., unpublished data) . CYVD-affected plants usually exhibit stunting, yellowing, and gradual decline beginning Ϸ10 to14 d before harvest. Occasionally a rapid wilt occurs at the time of ßowering and/or fruit set, and plants collapse within a single day without plant yellowing (Bruton et al. 1995a ). Early-planted watermelons targeted for the lucrative 4 July market generally are impacted more severely than later plantings. The symptom most diagnostic and consistent with the disease in all affected cucurbit species is a honey brown discoloration of the phloem . Disease symptoms have been consistently associated with the presence of a walled bacterium, observed by electron microscopy in phloem sieve tubes. Losses can range from Ͻ5 to 100% in affected Þelds of watermelon, squash, pumpkin, and cantaloupe. Bruton et al. (2003) and Rascoe et al. (2003) detailed the known biology and etiology of a strain of Serratia marcescens Bazio conÞrmed as the causal agent of CYVD in watermelon, squash, pumpkin, and cantaloupe.
Spatial distribution studies showed the disease to have a patchy or clumped distribution within water-melon Þelds (Duthie et al. 1993) . That and other evidence suggested that an insect-transmitted pathogen causes CYVD (Bruton et al. 1995b , Bextine et al. 2001 . Prominent among cucurbit insect pests is the squash bug, Anasa tristis (De Geer), long recognized as a serious and pervasive problem of cucurbit crops throughout much of the United States (Quaintance 1899 , Beard 1940 . Historically, squash bugs prefer squash and pumpkin, Cucurbita spp., as hosts and have been serious pests of these crops in Texas and Oklahoma (Fargo et al. 1988 , Stroup 1998 . In contrast to previous reports, squash bugs have become an increasing concern for growers of watermelon and cantaloupe in Texas and Oklahoma (Pair 1997 , Riley et al. 1998 , Edelson et al. 1999 . Generally, infestations in watermelon, cantaloupe, or cucumber are thought to result when preferred hosts are absent (Hoerner 1938 , Eichman 1945 . Squash bugs damage cucurbits through feeding and withdrawal of plant sap, resulting in plant wilting, delayed maturity, reduced yield, or death. Sudden collapse of cucurbit plants following squash bug feeding has been attributed to injected toxins and was termed Anasa wilt (Robinson and Richards 1931) . However, toxins were never identiÞed and the wilting has since been ascribed to vascular blockage (Neal 1993) .
Recently, conclusive evidence revealed that the squash bug can transmit S. marcescens to several cucurbit crops under laboratory and Þeld conditions (Pair et al. 2000 . However, squash bug infestations of cucumber, Cucumis sativus L., are rare. Coincidentally, there are no reports of CYVD in cucumber, although low infection rates were obtained from artiÞcial inoculation in the greenhouse . The implication of squash bug as a vector of CYVD led to questions concerning the ability of overwintering squash bug to successfully harbor S. marcescens. Herein, we report overwintering of S. marcescens in a feral population of A. tristis and subsequent transmission of the bacterium to healthy test plants.
Materials and Methods
Hibernating squash bugs (n ϭ 208; sex ratio 1:1.6, female:male) were collected in early November 2000 from overwintering habitat near in Comanche Co. near DeLeon, TX, an area located in the Cross Timbers vegetational zone (Correll and Johnston 1979) . Substantial hectares of watermelon and cantaloupe are grown locally and are consistently affected to some degree by CYVD. The insects were recovered from hardwood leaf litter and dead tree bark in a welldrained area adjacent to an old home site in an area 5 km from the nearest cucurbit crop. The site was Ͻ200 m 2 , and the entire area was examined for presence of squash bugs. The insects were transferred to environmental chambers at Lane, OK, where they were maintained in a torpid state (12.5ЊC, photoperiod of 13:11 [L:D] h, Ϸ 60% RH) until used for transmission studies to plants. In mid-December, 30 male and 30 female squash bugs were transferred to 1-m 3 screen cages with seedling squash plants and held at Ϸ29ЊC and a photoperiod of 16:8 (L:D) h to induce cessation of diapause (Nechols 1987 (Nechols , 1988 . After 2 wk, the squash bugs were observed feeding and mating. Seeds of yellow squash (ÔLemon DropÕ) were planted in 128-cell trays (Speedling Inc., Sun City, FL) Þlled with Redi-Earth soil-less mix (Scotts Sierra Horticultural Products Co., Marysville, OH) and maintained in the greenhouse at 22Ð35ЊC. Seedlings were then transplanted, one per pot, into white plastic pots (15 cm in diameter by 17 cm in height) containing sterilized sand. Study I. Twenty bugs (n ϭ 10 males and 10 females), selected from those that had terminated diapause, were caged individually on Þrst true-leaf stage squash seedlings. Plants were caged individually using clear plastic Lexan (General Electric, Mt. Vernon, IN) cylinders (8.5 cm in diameter by 30 cm in height) covered with wire mesh. A single adult squash bug was introduced into each cage and allowed to feed for 7 d or until the plant exhibited severe signs of stress or had died as a consequence of squash bug feeding. At that point, the squash bug was transferred to another plant. On the seventh day, each squash bug was transferred to a new plant, regardless of the number of days on the prior test plant. Thus, each individual squash bug was exposed to enough squash plants to obtain a minimum of four different plants that were suitable for CYVD analysis. Squash plants (n ϭ 6) caged without squash bugs served as controls.
Study II. In mid-April 2001, the DeLeon site was revisited and squash bugs (n ϭ 56; sex ratio (1:1.9, female:male) were collected from the overwintering habitat. Insects from this collection fed readily, suggesting that diapause had terminated. A second study was initiated using the surviving 19 female and 34 males from this collection. Study II was conducted similarly to study I, except that 3Ð5 true-leaf stage squash seedlings were used. No plant death due to squash bug feeding was observed in study II; thus, each insect was exposed to a total of four plants except in cases where the insect died. In study II, 35 squash plants were individually caged without insects as a control.
In both studies, following the prescribed length of exposure to plants, cages and insects were removed, and the treated and control plants were placed in a different greenhouse and fertilized weekly with a 0.3% (wt:vol) solution of PeterÕs (Spectrum Group, St. Louis, MO) fertilizer. After 4 wk, each plant was removed from the pot, washed, and a thin cross section of the upper primary root was observed under a light microscope for the presence of phloem discoloration. A plant was considered positive for CYVD if phloem discoloration was observed. In addition, a plant tissue sample was taken from the same area for bacterial isolation and polymerase chain reaction (PCR) by using methods developed by Avila et al. (1998) and modiÞed by Melcher et al. (1999) . Tissue samples (3 mm) for isolation were surface sterilized in 10% Clorox solution for 30 s, placed on a paper towel, and sprayed with 80% ethanol; ground using a sterilized mortar and pestle; and a 10-l pipetted subsample was spread onto nutrient agar. After 3 d of growth at room temperature, colonies with characteristics consistent with those of the CYVD strain of S. marcescens were veriÞed by PCR. All plants that were killed had deteriorated to some degree. As a result, all dead plants were counted as asymptomatic even though infection may have occurred.
Homogeneity of sex ratios from each collection of squash bugs from overwintering habitat was determined using chi-square; mortality of seedling squash as a function of squash bug gender was analyzed using the Mantel-Haenszel chi-square test (SAS Institute 2001).
Results
In study I, 4/20 (one male, three female) squash bugs transmitted S. marcescens to at least one test plant, resulting in phloem discoloration characteristic of CYVD (Table 1) . Of 110 plants exposed to squash bugs in study I, 9.2% developed phloem discoloration. On average, 20% of the squash bugs collected in November harbored and transmitted the bacterium. Transmission rates of CYVD-positive insects ranged from 11.1 to 100%. One male squash bug transmitted to all four squash plants, suggesting that the bacterium can be retained for at least 21 d after initial feeding. Numbers of plants exposed to individual squash bugs ranged from 4 to 12 and seedling death occurred more often when they were exposed to female squash bugs than to males. In study I, in which young seedling squash were used as test plants, all female insects damaged the plants to the extent that one or more test plants had to be replaced. Numbers of plants that were replaced ranged from one to eight for individual females. Overall, female squash bugs killed 30 of 70 (42.8%) (Mantel-Haenszel P 2 ϭ 10.0, df ϭ 1, P Ͻ 0.01) plants offered, whereas none (0/40) were killed by male squash bug feeding. Because the seedlings were only in the Þrst true-leaf stage, and many of the plants did not survive even after the insect was removed, the actual percentage of transmission may have been underestimated. In each case, S. marcescens was reisolated from the symptomatic plants but not from asymptomatic plants. Reisolated bacteria were conÞrmed as S. marcescens by PCR.
In study II, 7 of 185 (3.8%) test plants displayed CYVD symptoms (Table 1) . Transmission rates were considerably lower than that observed in study I. All positive transmissions observed in study II resulted from a single female and three males that were collected on 15 April. Successful transmission of the bacterium to healthy plants by positive insects ranged from 25 to 75%. None of the control plants (n ϭ 35) exhibited symptoms characteristic of CYVD and all proved PCR negative for S. marcescens. As in study I, reisolated bacteria were conÞrmed as S. marcescens by PCR.
Discussion
In summary, 11% (8 of 73) of the squash bugs tested from the DeLeon, TX, site transmitted the CYVD bacterium to healthy plants. Of the insects exposed to at least four successive test plants, CYVD bacterial transmission ranged from 0 to 100%. Interestingly, more males were present in both the November 2000 and April 2001 collections (P 2 ϭ 11.1, df ϭ 1, P Ͻ 0.01; P 2 ϭ 5.8, df ϭ 1, P Ͻ 0.05), respectively). The disproportionate numbers of males found may have been due to sampling error or to other unknown factors.
The lower percentage of insects transmitting S. marcescens in study II may have been a function of sampling, or likely the difference in test plant age, i.e., 1-leaf versus 3Ð5 leaf-stage squash. Recent studies have demonstrated that younger seedlings are more susceptible to infection by mechanical inoculation than those of more advanced age . Certain strains of S. marcescens act as entomopathogens (Rose et al. 1999) . However, the effects of the CYVD strain of S. marcescens on insects in general or on overwintering squash bug mortality are unknown.
The S. marcescensÐA. tristis relationship described herein and elsewhere (Pair et al. 2000 , Rascoe et al. 2003 ) is, to our knowledge, the Þrst in which the squash bug has been identiÞed as a vector of a plant pathogen. No other coreids have been associated with a bacterial-induced plant disease (Mitchell 2000) . Squash bugs, considered primary pests in squash and pumpkin, have decreasing preference for and decreasing reproduction rates on watermelon, cantaloupe, and cucumber (Bonjour and Fargo 1989; Bonjour et al. 1990 Bonjour et al. , 1991 . However, they have caused increasing concern in recent years among watermelon and melon producers in Texas and Oklahoma. Margolies et al. (1998) noted that squash bugs can overcome the antibiosis effects of host plant resistance within Þve generations. Because early-season commercial summer squash production is limited in Oklahoma and central Texas, there may be a selection pressure for increased squash bug feeding and survivability on watermelon. Evidence presented from this study conÞrms not only that the squash bug can transmit S. marcescens, the CYVD causal bacterium, but also that overwintering populations in central Texas harbor it. It is likely that populations in other states where CYVD has been reported are likewise capable of retaining the pathogen over the winter and transmitting to cucurbits the following spring. Earlier reports have emphasized the need to clear crop residue and eliminate potential overwintering populations of squash bug as a means to reduce losses the following season. This report places even more importance on development of integrated strategies aimed not only at reducing potential overwintering populations but also at early-season suppression of emerging populations. For example, Pair (1997) reported that the use of squash plants treated with carbofuran was a reliable tool to monitor squash bug emergence in Oklahoma. In addition, when similarly treated squash trap plants were place in small Þelds of watermelon, cantaloupe, and squash, squash bug populations were concentrated and controlled in the squash trap crop. The use of trap crops in large Þelds of watermelon has been reported effective in large Þeld situations in central Texas , Stroup 1998 ) for suppression of squash bug populations. Interplanting of squash with watermelon reduced the incidence of CYVD in small plots of watermelon (unpublished data), and the technique is under investigation as a management tool in commercial production systems.
Watermelon seedlings, as with other cucurbits, are extremely vulnerable to squash bug feeding. In study I, female squash bug feeding resulted in higher mortality of seedling squash than males. However, sample sizes were too small to determine whether differential transmission of CYVD is a function of gender. Beard (1940) observed that young squash seedlings were extremely susceptible to squash bug feeding and that a preference for stem feeding almost always resulted in plant death. As the plants grew, leaf feeding became more common, and the plant was able to tolerate additional feeding pressure. Bonjour and Fargo (1989) reported that female squash bugs are Ϸ25% larger than males, which may inßuence food resource requirements. Therefore, female feeding and subsequent increased mortality of young squash seedlings may be functions of greater pressure by females that would likely increase plant vascular damage and, perhaps, heighten the probability that the bacterium would be transferred. There is also the possibility that the female squash bug, by virtue of greater body weight, ingests and sustains a higher titer of the bacterium. Edelson et al. (2002 Edelson et al. ( , 2003 determined that squash bug feeding severely impacts watermelon survival, growth, and yield. Consequently, the association of squash bug and CYVD, and the overwintering of the bacterium in the squash bug, substantially elevates this insectÕs economic pest status, particularly in areas where the disease has been reported. New and more effective techniques are urgently needed for management of the squash bug and CYVD in areas where losses to these pests are chronic or are emerging. Such efforts will require a thorough knowledge of squash bug biology, including how they acquire and retain S. marcescens, which is unknown. The mechanism of retention and acquisition of the bacterium and strategies to reduce early-and late-season and diapausing squash bug populations are under investigation.
